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Forced-convection nucleate boiling of water in axial flow was in-

vestigated experimentally as a means of cooling the nozzle of an electro-

thermal engine_ electric-arc wind tunnel, or nuclear rocket. The non-

uniform axial heat-flux distribution typical of a very high temperature

flow nozzle was simulated by resistance heating of variable-wall-

thickness Inconel tubes. The coolant water flowed through the constant-

inside-diameter test sections at flow rates ranging from 0.45Y_I04 to

1.27><104 ib/(sq ft)(sec) (inlet velocities of 73 to 204 ft/sec). Steady-

state nucleate boiling was maintained at local heat fluxes as high as

11,200 Btu/(sq ft)(sec) (40.3Xi06 Btu/(sq ft)(hr)). Nucleate-boiling

heat-transfer results were obtained for the complete range of flow rates

at pressures from 69 to 296 pounds per square inch absolute and were

compared with existing correlations. The nonboiling forced-convection

heat-transfer results were correlated by the Colburn equation with a

modified coefficient. The burnout heat flux in the high range of flow

rates was determined and is compared with existing prediction techniques.

The pressure drop both with and without heat addition was also investi-

gated.

The solution for the temperature distribution in a resistance-

heated variable-wall-thickness tube is presented in an appendix. The

appropriate heat-transfer and electrical relations are also presented.

INTRODUCTION

The very high heat fluxes encountered in the vicinity of the nozzle

throat of an electrothermal engine# electric-arc wind tunnel_ or nuclear

rocket present a severe cooling problem. Local heat fluxes of the order

of i0, 000 Btu/(sq ft)(sec) are not improbable in a high-performance unit.

This may be compared with a typical value of 600 Btu/(sq ft)(sec) for a

chemical rocket (ref. !). In fact_ it has been suggested in reference Z



that the high-enthalpy_ high-pressure operation of plasma generators may
ultimately be limited by heat-transfer problems. The general feasibility
study of cooling electrothermal thrust generators presented in reference
3 showsthat the performance of these propulsion devices is indeed lim-
ited by the attendant cooling problems. Therefore_ improvement of the
performance capabilities of these high-temperature devices is dependent
on the development of better cooling techniques. Oneattractive method
of improving cooling capabilities is to take advantage of the high heat-
transfer coefficients associated with forced-convection nucleate boiling.

The axial heat-flux distribution in a nozzle is nonuniform with a
severe gradient and peak heating occurring in the vicinity of the nozzle
throat. Nucleate-boiling results at these very high heat fluxes are not
available. However_at low heat flux and low flow rate 3 a numberof in-
vestigations have been performed (e.g._ refs. A to 6) and are summarized
by McAdams(ref. 7). Because of the paucity of data_ the generally ac-
cepted correlation equations such as those in references 4 and 8 have
not been shownto be applicable at the severe conditions associated with
nozzles having very high heat fluxes.

The upper limit for successful cooling by forced-convection nucleate
boiling is obtained whenthe burnout heat flux is reached_ that isj the
flux at which transition to film boiling occurs. Several correlations
have been developed for prediction of burnout in a forced-convection
axial-flow system with a uniform heat flux distribution (e.g._ ref. 9).
These correlations indicate that successful coolimg of extremely high
heat fluxes requires flow rates that result in prohibitive pressure
drops. High burnout heat fluxes have been attained only with vortex or
swirl flow (refs. i0 and ii). Again_ however_ the pressure drop is
large.

Techniques for prediction of the burnout heat flux and burnout
location for a nonuniform heat-flux distribution such as that found in
a nuclear-reactor fuel element have been presented by Bernath (ref. 12)
and Sonnemann(ref. 13). Both procedures require the use of a uniform
heat-flux correlation. Sonnemannapplied his technique to someexperi-
mental results for a chopped cosine - axial heat-flux distribution and
found good agreement. However_the applicability of these techniques to
a distribution typical of a high-temperature-flow nozzle appears highly
questionable in the light of the large heat-flux gradient and the high
maximumflux.

It is apparent_ therefore 3 that nucleate-boiling results are not
available for the conditions anticipated in a very high temperature flow
nozzle and that available approaches for predicting the upper limit of
nucleate boiling (burnout) appear inadequate. This investigation was
initiated to determine the possibilities of and requirements for cooling
the high nozzle heat fluxes associated with high-temperature flows by
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forced-convection nucleate boiling of water with simple axial flow. In

addition, the applicability of available correlations and prediction

techniques at these high fluxes was investigated. The nozzle flux dis-

tribution was simulated by resistance heating of various Inconel tubes

with an axial variation in wall thickness. Nucleate-boiling and non-

boiling forced-convection heat-transfer and pressure-drop results are

presented for axial flow of water at heat fluxes up to 11,200 Btu/(sq ft)

(sec) and flow rates from 0._SXI04 to 1.27XI0 A ib/(sq ft)(sec) (inlet

velocities from 73 to 204 ft/sec). Burnout heat flux results in the

high range of flow rates are also presented.

APPARATUS AND PROCEDURE

Flow System

A schematic diagram of the flow system is shown in figure i. Dis-

tilled water flowed downward through the vertically mounted test sec-

tions. (Because of the high flow rates_ the effect of free convection

is negligible.) The distilled water was circulated in a closed loop by

a variable-speed-drive positive-displacement pump with a maximum outlet

pressure of 800 pounds per square inch gage. Power was supplied to the

test sections by a direct-current generator with a continuously variable

voltage from 0 to 500 volts (maximum current of 6000 amp). In all tests

a ballast resistor of at least three times the test-section resistance

was in series with the test section to allow a fine control of the cur-

rent.

The possibility of flow instability and scale formation was elimi-

nated as much as practicable by proper flow system design and test pro-

cedures (see ref. 9). The main throttl% upstream of the test section_

was required to maintain a large pressure drop that acted as a bucking

pressure to prevent flow fluctuations inherent in boiling and the re-

sultant premature burnout. The pressure drop across the main throttle

and test section to the point at which burnout would occur was 200 pounds

per square inch or higher for all tests.

To reduce the possibility of flow fluctuations due to compressible

volumes 3 the Bourdon tube of the test-section inlet pressure gage was

filled with water 3 and the line to the gage was purged before each test.

To inhibit rust formation and the resultant test-section scale problem

the reservoir and all water lines except for small lengths of high-

pressure hose were stainless steel. The pump case 3 however_ was steel.

Therefore 3 to eliminate as much oxygen from the system as practicable,

a nitrogen atmosphere was maintained in the reservoir_ and the reservoir

was pressurized so as to maintain all points in the flow system above

atmospheric pressure. The reservoir was evacuated to approximately
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15 inches of mercury vacuum and repressurized with nitrogen at least

once before a series of tests; the reservoir pressure ranged from 2 to

20 pounds per square inch gage. Since the amount of dissolved gas due

to the nitrogen atmosphere in the reservoir was small and since all

tests were run with highly subcooled water (bulk temperature well below

the saturation temperature)j it is felt that dissolved gas had a negli-

gible effect on the nonboiling and burnout results and at most a small

effect on the nucleate-boiling results.

The results for all tests were obtained with clean untreated dis-

tilled water. After each series of tests the reservoir was emptied and

refilled with a new charge of water to prevent the possibility of scale

formation. Results were continually checked for the effect of scale

formation throughout each test series. All results presented are for

tests with negligible scale.

bJ
!
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Test Sections

The nominal geometries of the test sections are shown in figure 2.

The test sections were fabricated from commercially available constant-

wall-thickness Inconel tubing by machining the outside diameter. Inconel

was chosen as the test-section material mainly because of its low thermal

coefficient and high value of electrical resistivity. Over the heated

length_ the wall thickness decreased linearly from either end to a mini-

mum at the center. The test-section inside diameter was measured with a

set of pin gages, and the outside diameter (do) I (see fig. 2) was measured

with a comparator at i00 power. (Symbols are defined in appendix A.)

The minimum wall thickness tI determined from these two measurements

was felt to be within ±0.005 inch. The concentricity of the outside and

inside diameters was checked by observation of the local circumferential

uniformity in test-section color at high wall temperature. The validity

of this technique was verified by measurements on two test sections that

were cut in half after test. Results w_re obtained only for test sections

with a uniform circumferential wall thickness and_ therefore_ uniform

circumferential heat flux. The absence of a forming effect during ma-

chining was also verified from the two cut test sections. The dimensions

Z and (do) 0 (see fig. 2) were measured with the comparator at 20 power.

The calculated nominal flux distribution for all test sections 3

assuming all heat enters the stream and neglecting axial conduction

(which_ for the conditions of this investigation_ is valid) 3 is shown

in figure 2. The variation in heat flux at the minimum-wall-thickness

point was made continuous by machining a small radius of transition be-

tween the linear tapers. The throat section of a preliminary nozzle

design for the Lewis Research Center arc tunnel and the associated heat-

flux distribution based on a theoretical isothermal-boundary-layer cal-

culation (ref. 14) for air is shown in figure 3. For comparison the

test-section heat-flux distribution (fig. 2) for Z = 2.75 inches and
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q equal the maximum heat flux of figure 3 is also presented. The ex-

perimental flux distribution of this investigation is representative of

a nozzle with a radius of curvature at the throat smaller than that of

figure 3. It should be noted that the cooling channels for an actual

nozzle (fig. 3) are sections of an annulus with one-side heating 3 whereas

the test configuration is circular with uniform circumferential heating.

The results presented are therefore indicative of but not necessarily

quantitatively applicable to an actual nozzle configuration.

A closeup view of a test section installed in the test rig is shown

in figure 4. Small copper disks were silver-soldered to the test section

at appropriate distances from each end for fastening to the larger copper

buss heads. An 0-ring provided the water seal between the disk and the

buss head. Large stainless-steel split washers were used to ensure good

electrical contact between the disk and head.

Instrumentation

Outside test-section wall temperatures were measured with Chromel-

Alumel thermocouples spotwelded directly to the wall. Since a direct

current passed through the test sections, any displacement of the effec-

tive contact point of one thermocouple lead from the other resulted in a

small voltage drop between the two leads in addition to the thermocouple

output. To account for this direct-current component, tests were run at

identical conditions with opposite directions of current flow. The aver-

age of the two thermocouple readings yielded the thermocouple output due

to temperature only. The inlet and outlet bulk temperatures of the cir-

culating water were measured with copper-constantan thermocouples in

mixing chambers immediately upstream and dowmstream of the test section.

The water flow rate was determined from a turbine-type flowmeter.

Current was determined by measuring the voltage drop across a cali-

brated shunt connected in series with the test section. The voltage

drop across the test section was read from a direct-current voltmeter

connected between the two copper buss heads.

The inlet and outlet static pressures were read on high-accuracy

pressure gages. The static-pressure taps were located in short tran-

sition sections upstream and downstream of the test section. The inside

diameter matched that of the test sections.

DATA REDUCTION

Evaluation of the test data required a knowledge of the thermal

conductivity and electrical resistivity of Inconel and their variation

with temperature. The thermal conductivity was obtained from reference

15 and is presented in figure 5. The agreement with average values over
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a nmmberof temperature ranges published in reference 16 was good. A
linear equation of the form k = kr(l + sT) wasused for data reduction
(see appendix B)_ the line used is also presented in the figure. The
electrical resistivity and its variation with temperature were obtained
from tests on samples of tubing used for test-section fabrication. Con-
sistent results were obtained and are presented in figure 5. The room-
temperature value agrees favorably with published results. Since the
temperature variation of electrical resistivity was small (a maximum
increase of about 5 percent over the room-temperature value)_ the equa-
tions developed for reduction of data (appendixes B and C) assumecon-
stant resistivity.

The coolant-side wall temperature at any axial location was deter-
mined from equation (BI_):

u(q,eo) = uo - Co
2krb2 2 L\_9 ,/°

(Bl a)

where

b2= 2[  eo( eo+ di)] (B21a)

r2[(ri_ 2 r--_°- i]o[\_o / + 2 in ri

The geometry variables are defined in figure 6. The temperature parame-

ter u is given by u = T + _ , and _ and kr are presented in

figure 5. The conduction term is zero at the minimum-wall-thickness

location y = 0 because of the radius of transition between the tapered

sections discussed previously. At all other axial locations the con-

duction term was found to be negligible for all tests.

The heat flux at any axial location was calculated from equation

(c9):

i2_ qeo(qe o + di)

qi = Co

_2di_o(q_ ° + d i) di

(c9)

where _ is given by equation (C7). Again the conduction term is zero

at y = 0 and was found to be negligible at all other locations.

In all tests sufficient data were taken to allow checks on test-

section performance. The test-section resistance was determined from

!
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equation (C2) and from the measured voltage drop across the test section.

The heat input to the water was determined from equation (C4) and from

the temperature rise through the test section. (The exit water was

always highly subcooledj i.e._ well below the saturation temperature.)

In every test_ agreement between the two methods of calculation was good.

The equations for data reduction require a small taper angle eoj

no temperature variation of electrical resistivity_ a linear variation

of thermal conductivity_ and an insulated outside wall. All assumptions
io

were reasonably satisfied: The maximum eo was _ 3 the temperature

variation of resistivity was small_ the linear conductivity relation

fits the experimental results very well in the temperature range of in-

terest 3 and the radiation and convection losses from the outside wall

were determined to be negligible in all cases.

The bulk water temperature at the maximum-heat-flux location was

taken as the average of the inlet and outlet temperatures. The bulk

temperature distribution was determined from equation (CI0)_ which be-

comes over the complete heated length:

= + z
Tou t - Tin

lJ

where _ must be applied separately for the upstream and downstream

lengths (see fig. 6), and the negative sign applies to the upstream

length and the positive sign to the downstream length.

(i)

The axial static-pressure distribution was assumed to be linear.

In some tests the outlet pressure was not measured. The pressure distri-

bution was therefore determined from the available pressure-drop results.

Considering all possible sources of error_ an estimate of the maxi-

mum errors in the results is as follows:

ql_ percent

q (other than at

(Tw)l, percent

Tw (other than at

Tsat_ OF

Tb_ OF

Zip, percent

y = 0), percent

y = 0), percent

-+7

tlO

-+5

-+i0

-+4

+4

+5
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The maximum error in heat-transfer coefficient is estimated to be ±18

percent for the results at y = 0 and ±28 percent for results at other

axial locations. The possible error is largest for a small temperature

difference Tw - Tb.

In a number of tests an entrance effect was observed that resulted

in abnormally low heat-transfer coefficients for a short distance down-

stream of the test-section inlet. In these tests a slight misalinement

at the inlet transition section and the test section apparently caused

cavitation. Tests in which the heat-transfer coefficient at y = 0 on

a short heated length test section with both a smooth junction and a

slightly misalined Junction demonstrated that the observed effect was

actually due to a disturbance at the test-section inlet. No heat-

transfer results are presented in the region over which the entrance
effect occurred.

!
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RESULTS AND DISCUSSION

Heat Transfer

All heat-transfer results obtained at the maximum-heat-flux location

y = 0 are presented in figure 7 and table I. As shown in the figure

the points in order of increasing wall temperature represent nonboiling

forced-convection heat transfer, forced-convection nucleate-boiling

heat transfer, and burnout. The nucleate-boiling points are identified

according to flow rate and saturation temperature. The burnout points

indicate only heat flux_ no temperature difference Tw - Tb is associ-

ated with them. The maximum experimental heat flux obtained was llj 700

Btu/(sq ft)(sec)_ the flow rates and inlet velocities ranged from

0.4SXlO _ to 1.27Xi04 ib/(sq ft)(sec) and 73 to 204 feet per second, re-

spectively. Pressures ranged from 69 to 507 pounds per square inch ab-

solute_ and all nucleate-boiling results are at high subcooling

Tsat - Tb. All results are presented in terms of local values.

Nonboi!in_ forced convection. - The three basic turbulent pipe

flow correlations (ref. 7) are those of Dittus and Boelter, Sieder and

Tare, and Colburn. These equations are strictly applicable only for

the case of an isothermal wall. The experimental wall temperature dis-

tribution of this investigation is nonuniform3 however, because of the

imposed flux distribution as shown in figure 2. Comparison of experi-

ment with these correlations is therefore not strictly valid. As shown_

for example_ in reference 17, a nonisothermal wall upstream of a point

may appreciably affect the heat transfer at that point. (This effect

is in addition to any conduction effect.) The magnitude of this effect

for the experimental wall temperature distributions was estimated by
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the method of reference 17. The axial distribution of the ratio of

nonisothermal heat-transfer coefficient to isothermal heat-transfer

coefficient hnoniso/his ° was determined. This ratio at the maximum-

heat-flux location y = 0 was found to be of the order of i. I0. (The

three cases calculated yielded values of 1.08_ i.i_ and 1.12.) This

ratio times the predictions of the previously mentioned correlation

equations allows comparison with the experimental results.

As shown in figure 7 the Dittus and Boelter equation_ uncorrected

for the nonisothermal effect_ underestimates the experimental heat

transfer at the maximum-heat-flux location y = O. If the nonisothermal

correction is included_ the correlation still underestimates the experi-

mental heat transfer at large temperature difference and also does not

predict the trend of experiment. The Sieder-Tate equation_ uncorrected

or corrected_ also underestimated the experimental heat transfer 3 and a

large amount of scatter was apparent when the experimental results were

plotted in terms of the correlation parameters.

All nonboiling experimental points at the maximum-heat-flux loca-

tion y = 0 are presented in figure 8 in terms of the Colburn equation

variables. Also included are the Colburn equation and the Colburn equa-

tion with the nonisothermal correction (at y = 0). The experimental

points fall below both the uncorrected and corrected correlation equa-

tions_ andj in fact_ the correction results in poorer agreement. The

form of the Colburn equation 3 however_ in which the Reynolds and Prandtl

numbers are evaluated at the film temperature Tf = (Tw + Tb)/2 , brings

the results together quite well (fig. 8). (A small increase in the ex-

ponent of the Prandtl number would yield a slightly better fit of the

experimental points_ however 3 it is felt that the small amount of data

and the general validity of the form of the Colburn equation do not

warrant presentation of another fit of the data.) The experimental

nonboiling heat transfer at y = 0 (fig. 8) is therefore represented

approximately by the equations

St = 0.021 (2a)

o021(pv)(cp)b
h = 0 2_ 213 (2b)

Ref" _rf

where all properties except specific heat are evaluated at the film

temperature Tf. The constant 0.021 may be contrasted with the value

of approximately 0.025 for the Colburn equation with the nonisothermal
wall correction.
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A modified isothermal equation which, when corrected for the non-
isothermal effect, will fit the experimental results of figure 8 can be
determined. This equation is

O.019 f )St 5ao 2_ 2--/3
Ref" Frf

¢

or

o.o19(pv)(Cp)b

h: ReO. . (3b)

When the nonisothermal correction (hnoniso/his o _ i. i0) is applied to

equations (3)_ agreement with experiment is apparent. Equations (5),

therefore_ represent the experimental results reduced to isothermal con-

ditions.

This discussion was limited to the results at the maximum-heat-flux

location y = 0. The correction at other axial locations was also in-

vestigated and compared with experiment. These results are presented in

a following section entitled "Axial distribution of heat-transfer coef-

ficient."

Nucleate-boilin_ forced convection. - The heat-transfer results at

high heat flux_ approximately constant subcooling Tsat - Tb_ and con-

stant saturation temperature are plotted in figure 9 at the highest flow

rate 3 the only flow rate for which a reasonable amount of data is avail-

able over a range of heat flux. The variation is typical of that found

in other investigations (see ref. 7) at lower heat fluxes and flow rates.

A heat-flux - wall temperature variation typical of nonboiling forced

convection holds up to wall temperatures somewhat in excess of the satu-

ration temperature. When the wall superheat Tw - Tsat is sufficient

to initiate nucleate boiling 3 further increase in heat flux results in

the small variation in wall temperature typical of nucleate-boiling heat

transfer. The wall superheat required to initiate nucleate boiling is

approximately 65 ° F at these conditions. Steady-state nucleate boiling

at approximately the conditions of the figure was maintained at a heat

flux as high as ll, 200 Btu/(sq ft)(sec) for _ = 0.75 inch (which corre-

sponds to the burnout flux of i!,450 Btu/(sq ft)(sec) of fig. 7).

All nucleate-boiling results over the entire flow rate range are

presented in figure i0 in terms of the wall superheat correlation of Jens

and Lottes (ref. 4), which was derived from results at lower heat fluxes

and flow rates. The heat fluxes predicted by the general semiempirical

!
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correlation of Forster and Greif (ref. 8) for three representative tests

were calculated and are also included in figure i0. The corresponding

experimental and calculated points are indicated by arrows. The Eens

and Lottes equation in general underestimates the ratio (Tw - Tsat)/q I/A.

The Forster-Greif correlation_ however: is seen to predict the experi-

mental heat flux quite well. (The experimental wall and saturation tem-

peratures were required to evaluate the predicted heat flux.)

Both correlations indicate that the relation between heat flux and

wall superheat in nucleate boiling is independent of flow rate. The

scatter and limited results do not allow a definite confirmation at the

high range of flow rates of this investigation. No consistent flow rate

effect is apparent 3 however.

To illustrate the effect of water contaminants on scale formation

and the associated reduction in the nucleate-boiling heat-transfer coef-

ficient, a single test was run with distilled water visibly contaminated
with rust. At the maximum-heat-flux point y = O, where nucleate boiling

occurred, the wall temperature Tw increased 239 ° F in the 30-minute

run at constant test conditions. The wall temperatures were unchanged

at other axial locations where no boiling occurred. After testing 3 the

test section was cut open for inspection. A reddish-brown scale indica-

tive of a rust deposit was localized in the area of maximum heat flux.

Axial distribution of heat-transfer coefficient. - The experimental

axial distributions of wall temperature, bulk temperature, and heat flux

are presented in table II for nonboi!ing heat transfer over the entire

test-section length and nucleate boiling in the area of maximum heat flux.

Only results at and downstream of the maximum-heat-flux location y _ 0

are presented because of the entrance effect discussed in the section

entitled "Data Reduction."

The axial heat-transfer-coefficient distribution for the case of

nonboiling is presented in figure l!(a). The predicted distributions

presented are those obtained by evaluating the modified Colburn equation

(eq. (Sb)) at local conditions and those obtained by correcting this dis-

tribution for the nonisothermal wall effect. The nonisothermal wall

correction is discussed in detail in a previous section_ "Nonboiling

forced convection." Equation (3b) corrected for the nonisothermal wall

effect shows very good agreement with experiment from y/Z = 0 to 0.5.

Farther downstream the experimental points fall somewhat below the pre-

dicted variation.

The heat-transfer coefficient distribution for local nucleate boil-

ing is presented in figure ll(b). The distribution corresponding to the

plot of figure 9 (the results of which are for y = 0 at approx, the

same mass-flow rate_ subcooling, and saturation temperature in fig. ll(b))
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applied at the local axial flux is presented in figure ll(b) for the
region in which the wall temperature is higher than the saturation tem-
perature. This distribution appears to be correct in the region of local
nucleate boiling. The distributions predicted by applying the modified
isothermal Colburn equation (eq. (3b)) locally and by including the cal-
culated nonisothermal wall effect are presented in the region of non-
boiling. The predicted nonboiling lines cannot be expected to be valid_
however3 since neither the correlation equation nor the nonisothermal
correction allows for an upstream region of nucleate boiling. Neither
of the nonboiling predictions shows agreementwith experiment. Local
nucleate boilingj therefore_ appears to have a definite effect on the
nonboiling heat transfer downstream.

Burnout. - The bttrnout results are included in table I and figure 7.

The burnout conditions were obtained by increasing the current and_

therefore_ the heat flux_ in small increments until catastrophic failure

due to transition to film boiling occurred. The tabulated heat fluxes

are therefore the maximum local flux at the burnout location (y = O) at

which steady-state nucleate boiling was maintained and the flux (at y = O)

at which catastrophic failure occurred. The burnout flux is defined as

the average of these two flux conditions. No wall temperatures were ob-

tained for the maximum steady-state boiling conditions because of the

danger to test personnel in case of failure and the requirement of two

tests at the identical conditions to eliminate the direct-current com-

ponent on the thermocouple output.

The axial location of burnout in the three burnout runs was at the

point of maximum heat flux within the accuracy of measurement after

failure. The maximum local burnout heat flux was II, AS0 Btu/(sq ft)(sec)

at a flow rate of 1.25xi0 A ib/(sq ft)(sec) (Vim = 202 ft/sec) and a heated

length 2Z of 1.50 inches. The two burnout fluxes obtained at these

same test conditions using two different test sections show good agree-

ment. No indication of incipient burnout_ such as flow fluctuations or

audible noise_ was apparent.

Although burnout results are available for only two test conditions_

it is interesting to compare the results with existing burnout prediction

methods. The techniques for predicting burnout with an axial flux distri-

bution presented in references 12 and 13 were applied to the heat-flux

distribution of this investigation. The two techniques are basically

the same: The axial location of burnout and 3 therefore_ the heated

length to burnout is determined. The maximum flux at the burnout point

is then established by substituting this heated length into a uniform

heat-flux burnout correlation. The uniform flux correlation developed

in reference 13_ however 3 is not applicable at the pressures of this

investigation and that of reference 12 was found to predict unreasonably

low burnout fluxes. A review of _he available uniform flux burnout

!
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correlations indicated that the correlation developed in reference 9 was

the most comprehensive. Therefore_ the technique of references 12 and

13 was used to predict the burnout location. The local burnout heat-

flux prediction was then calculated by substitution of the determined

heated length together with the other conditions into the correlation

equation of reference 9 (uniform flux). For high flow rates this equa-

tion is

2 (pv) °'s

qbo = (s'di)0"15"0"2/ i (6)

where s is the heated length to burnout and the dimensional constant

requires units of Btu_ feet_ and seconds. The calculated burnout flux

then establishes the maximum flux at the point where burnout would occur.

The location of burnout was predicted to be in the immediate vicin-

ity of the point of maximum heat fluxj the same location found experi-

mentally. This predicted location 3 however_ is intuitively apparent

from consideration of the experimental flux distribution. The heated

length to burnout s equals Z_ half the total heated length. Evalua-

tion of equation (¢) with the determined s at the conditions associ-

ated with the experimental burnout points yielded the following results:

Experimental burnout flux_ Predicted burnout flux,

Btu/(sq ft)(sec) Btu/(sq ft)[sec)

8_000

ii_%50

ii_i00

5600

50O0

5000

The prediction method of references 12 and 13_ therefore 3 seriously
underestimates the flux at burnout. The method has been used success-

fully for certain flux distributions (ref. 13) but is apparently not

applicable to a distribution with large gradients.

From equation (4), the ratio of two burnout heat fluxes for which

the flux distributions are uniform is

0.5

s/di) ]O'15 s/di)2J
(5)



It is interesting to compare the experimental nonuniform flux value of

(qbo)2/(qbo)I with that obtained from this equation. Since the two

higher experimental burnout flux points are almost equal and at almost

identical conditions, these values will be averaged and taken as (qbo)2"

Therefore, (qbo)l is the lower burnout flux point, 8000 Btu/(sq ft)(sec).

The heated length is taken as 2. The experimental flux ratio is 1.4_

and substitution of the appropriate conditions into equation (5) yields a

predicted flux ratio of I. AI. This excellent agreement suggests that an

effective heated length may be defined for use in equation (A) to allow

prediction of the burnout flux for the particular distribution of this

investigation. This effective length may be expressed as s' = C's where

s is the heated length to burnout (s = 2) and C' is a constant for the

particular distribution. The value of C' must fall in the range

0 < C' _ i_ where unity corresponds to a uniform flux distribution.

Evaluation from equation (4) yields C' = 0.005. Therefore_ the burnout

flux for the distribution of this investigation is given by

(pv)°"s
%0 = o.15 (6)

(o.oo5 g o.sdi di

It should be emphasized that this analysis and equation must be taken

with reservations since they are based on points at only two conditions.

!

_o

Ol

i>z-es sure Drop

The experimental pressure-drop data are presented in table III for

flow with no heat transfer_ flow with nonboiling heat transfer_ and flow

with local nucleate boiling. It should be noted that the pressure-drop

data include the effect of any misalinement between the test section and

the inlet and outlet transition sections (in which the static-pressure

taps were located). Also_ a possible entrance effect existed since the

inlet static-pressure tap was only 0.60 inch downstream of the sudden
contraction at the inlet of the transition section.

The experimental friction factors were determined from the equation

f _-r4(pv)1
t 2g j VinTii

(7)

for both isothermal and heat-transfer conditions. The experimental fric-

tion factors for no heat transfer and those for local nucleate boiling
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uD

C_

!

are presented in figure 12. The accepted variation for turbulent flow

in a smooth tube with no heat addition from reference 7 is included. The

friction factors for no heating fall above the smooth-tube line and ex-

hibit a dependence on test-section length. This increase in friction

with decreasing L/d is indicative of misalinement and entrance effects.

Since the magnitude of these effects would be approximately the same for

each test section_ the fraction of the pressure drop associated with

these effects increases with decreasing length L and is therefore more

dominant for shorter lengths.

For the case of heat transfer with no local nucleate boiling_ the

friction factors decreased with increasing wall temperature. This is

apparent from table III (wall temperature increases with heat flux).

All these results fell between the no-heat-transfer results and the local-

nucleate-boiling results of figure 12. This decrease in friction factor

may be explained in terms of the reduced wall viscosity associated with

the wall temperature and is discussed in references 5 and 18.

The effect of local nucleate boiling (nucleate boiling in the region

of maximum heat flux and nonboiling elsewhere) on the pressure drop was

particularly interesting. As seen from figure 12_ the friction factors

fall below the results for no heat transfer 3 are apparently independent

of heat flux 3 and are less sensitive to Reynolds number (based on inlet

conditions). These characteristics may be explained in the light of the

separate effects of nucleate boiling on pressure drop and of nonboiling

heat transfer on pressure drop. As discussed previouslyj the pressure

drop for nonboiling heat transfer is lower than that without heat trans-

fer. Conversely_ the pressure drop in a section with nucleate boiling

would be higher than that for nonboiling (refs. 4 and 18). Therefore 3

with local nucleate boiling in the test section_ the pressure drop in

the axial distance over which nucleate boiling occurs is higher than

would be expected for nonboiling heat transfer_ whereas_ in the nonboil-

ing regions_ a drop occurs which is lower than that with no heat transfer.

Therefore 3 a possible explanation of the independence of friction factor

on heat flux once nucleate boiling has been initiated is as follows: An

increase in heat flux causes an increase in the extent of the nucleate-

boiling region and_ therefore_ an increased local pressure drop. The

increase in flux_ however_ also causes an increase in the wall tempera-

ture in the nonboiling regions and 3 therefore_ a decrease in pressure

drop in these regions. The two effects apparently balance each other

out (for the particular flux distribution of this investigation). The

Reynolds number effect with local nucleate boiling is apparently a change

in the balance between the two pressure-drop modes_ the nonboiling effect

becoming more dominant with decreasing Reynolds number.
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CONCLUSIONS

The possibilities of nozzle cooling at very high heat fluxes by
forced-convection nucleate boiling of water has been investigated experi-
mentally. The results maybe summarizedas follows:

i. Forced-convection nucleate boiling of water in axial flow maybe
successfully employed at very high local heat fluxes. Steady-state nu-
cleate boiling was maintained at local heat fluxes up to Ii_200 Btu/
(sq ft)(sec).

2. Existing burnout prediction methods are not applicable to a flux
distribution with large gradientssuch as that of a high-temperature
flow nozzle.

3. The nonboi!ing forced-convection heat-transfer results are well
represented by the Colburn equation with a modified coefficient.

4. The nucleate-boiling heat-transfer correlation of Forster and
Greif represents the experimental heat-flux results quite well.

!

tO

O]

Lewis Research Center

National Aeronautics and Space Administration

Cleveland, Ohio, February 8_ 19G2
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APPENDIX A

SYMBOLS

area

effective circumference, eq. (B21a), or plate width

conversion factor from electrical power to heat

specific heat at constant pressure

diameter

voltage drop

friction factor_ eq. (7)

acceleration due to gravity

enthalpy

heat-transfer coefficient

curr ent

thermal conductivity

reference thermal conductivity 3 0° F

pressure-drop length

one-half test-section heated length

Nusselt number

Prandtl number

pressure

pressure drop

heat flux

heat flux per unit area

electrical resistance

17
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Re

r

St

S

T

t

U

V

w

x

Y

Z

gL

Oo

n

P

Reynolds number (based on diameter)

radius

Stanton number

heated length to burnout

temperature

wall thickness

temperature parameter, eq. (BS)

velocity

flow rate

rectangular coordinate

axial coordinate

cylindrical coordinate

temperature coefficient of thermal conductivity

cylindrical coordinate

angle defining wall thickness variation

cylindrical coordinate

density

average electrical resistivity

Subscripts:

b

bo

C

e

f

local bulk

burnout

cross section or conduction

electrical

film (Tf-- (% + Tbl/21

!
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LO
r4

I

i

in

0

out

s

sat

w

0

1

inside wall

inlet bu]_k

outside wall

outlet bulk

stagnation (air)

saturation

wall I heat-transfer side

minimum-heat-flux location 3 y = !_

maximum-heat-flux location_ y = 0
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APPENDIXB

TEMPERATUREDISTRIBUTIONIN A RESISTANCE-HEATEDTUBE

WITHA LINEARVARIATIONIN WALLTHICKNESS

First consider a resistance-heated flat plate with a linear wall
thickness variation as shownin sketch (a):

z

dQ_9+d_

d% +dT]

aQe e

(a)
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In a cylindrical coordinate system_ the heat leaving a differential

volume of the plate is given by

8T

P

8T
d% k ndOd"

where

sumed isothermal in the

differential volume is

(Bl)

_, e_ and z are the cylindrical coordinates (the plate is as-
z-direction). The heat generated within the

2
dQ e = Co(1)dV(R)dV

(B2)

where

dA C
-- : I _ de dz

(i)dV I Ac  eob

(I is the total current through the plate and (1)dV

through dV) and

The constant Co
Therefore_

(B3)

is the fraction

d/l_ = _ _ d_ (B4)
(R)d V = c dA c q d8 dz

is the conversion factor from electrical power to heat.

d_ = Co12_ d_ de dz
,rle2b 2

The heat balance for the volume is

dQe = dQ@ + dQ@+d@ + d% + d%+dq

(Bs)
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and therefore the governing differential equation is

y_ _ +_ k_ +k_+Co e2ob_
= 0 (B6)

To eliminate the temperature variation of thermal conductivity_ assume

k = kr(l+ _T) (BT)

and let

u = T + _ T (BS)

Therefore the governing differential equation becomes

82u 1 8u
--+ +

i _2u 12g i
+ co = o (B9)

2222 _e2 kr_o b

Experimentally# one side of the plate (the side away from the cool-

ant) may be considered as insulated and the temperature on that side is

known. The boundary conditions are therefore

(ST) = 0_ o or (8_I =Oo (BlO)

T known or u known
o O

where the subscript o indicates _ = _ the outside wall.

A Taylor series expansion about u(_,0) yields

+ JSu'_ e2 /82u_

= +-e-k  Uo+" (B11)

But from the boundary conditions

and therefore

=o

u(._,e) = Uo + T \_e2)o
(BI_.)

!
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l

when higher terms are neglected. From the governing differential equa-
tion

82u = __2 _2u 8u I2_

_i]--_ - I]_- C0 kr@o_2

and thus the equation for the temperature distribution in a flat plate

with a linear variation in wall thickness is

-- LW/o
where 8o is small. The temperature drop through the wall at any

is therefore

Uo u(_,%)Co_ _0o[/_u\ _u
_ __ 2krb2 +

(BIA)

(This is also the equation for the inside or coolant-side wall tempera-
ture distribution).

The differential equation for a resistance-heated tube with a linear

variation in wall thickness (fig. 6) is not amenable to solution. A

reasonable approach to obtain an approximate solution is the use of the

previous plate solution where the plate width is a representative local

circumference of the tube. The required plate width in terms of tube

geometry may be obtained from the solutions for the temperature drops

through a resistance-heated constant-wall-thickness flat plate and

constant-wall-thickness tube. The solution for the temperature distribu-

tion in an electrically heated flat plate (sketch (b)) is

C° 12_ x 2 (BiS)

u(x) = u(o) 2 krt2b2

i
t

w

(b)



24

where

(_) :o
x=O

The total drop through the wall is therefore

u(o) - u(t)=
Co I2o

2 krb2

The solution for the temperature distribution in a resistance-heated

constant-wall-thickness tube as shown in sketch (c) is

u(r) = u(ro) , ° 1- _- kr[_t(_ri + t)]2 r0 + 2 in _-- -

where

SU)r = 0
_-r =r 0

r

±
t "/////////////////////////////////_

/////////////////////////////////,_

ri Ir°

(BI6)

(BI7)

(o)

!

h_

The total drop through the wall is therefore

CO 12o rI_°U(ro) - u(ri) = -_- kr[_t(2ri + t)]2 r2o + 2 In -- -

r o

ri
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The condition that the two configurations at equal outside wall tempera-

tures have the same coolant-side wall temperature requires that

Up(O) - Up(t) = ut(ro) - ut(ri) (h19)

where the subscripts indicate plate and tube. Thereforej

Co I2_ Co

2 k b 2
r

_o :_of! _o _/<c:_(_.:,+,_l_ \:_o+__ _-7.-
(B20)

which reduces to

bE 2[_t(2r i + t)] 2: (B21)

where b is the required width of a flat plate, which when applied in

the flat-plate solution will yield results for a tube. Therefore, the

approximate solution for the temperature drop in a resistance-heated

tube (fig. 6) is given by equation (BI4):

uo - u(n,eo) = co
_kr_ +_ L\_ Io

(BI4)

where b 2 is given by equation (B21) applied locally 3 which in terms of

appropriate variables is

b2=
2[_eo(_eo + di)]2

+ ro ]
r2o[(rih2 2 In--- i

L\ro/ ri

(B21a)

and where

ro = ri + _o

Therefore, the axial coolant-side wall temperature distribution is avail-

able from the measured outside wall temperature distribution. The solu-

tion reduces to that for a constant-wall-thickness tube when the deriva-

tive terms are set equal to zero.
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APPENDIXC

HEAT-TRANSFERRELATIONSFORARESISTANCE-HEATEDTUBEWITHA

LINEARVARIATIONIN WALLTHICKNESS

The resistance of an increment of length dN of the linearly
tapered tube shownin figure 6 is

CR=_
A
C

DO

O7

where

A c = _N@o(di + Ne o)

and thus

d_ N

X@o q(qeo + di)

The total resistance of the tube is

(Cl)

_0

/ O

R = _o _(_'J_+ di)' = %di@o

The heat generated in the small-length increment is

dQ = CoI2 dR

and therefore

I2_

Q = C O _die °
--ln

\_0% +

If axial heat conduction is neglected and the outside wall

is insulated, the incremental heat into the coolant stream is

dQ= q_

(c2)

(c_)

(e = o)
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U9
_4

!
_q

where dQ is the heat generated (eq. (05)), q is the local value of

heat flux_ and

dAw --_d i dq

Therefore the local heat flux 3 neglecting conduction, is

I__ (cs)
q = Co _2diqSo(qe ° + d i)

The experimental temperature distribution is nonuniform, and therefore

corrections must be made on equation (05) to account for axial conduction.

The heat gained or lost by a volume d_ wide (fig. 6) due to axial con-

duction is found to be

d% = -_eo(_eo + ai)_ _ + a-_-_-)d_
(c6)

where _ is the average value of the temperature parameter at q based

on wall cross-sectional area and is given by

_ + Co ,°o
u = uo - s k_bs + _ \_ns/_ + (07)

where b2 is given by equation (BZla). Thereforej from equations (03)

and (06) the net heat into the coolant stream assuming an insulated out-

side wall is given by

12_ d_ /

dQi = Co _ n(qe ° + di ) - _qeo(qeo + di) r \_ + _q2/ dq
(c8)

The local value of the heat flux into the coolant stream is there-

fore

qi = C° I2_ qeo(qeo + di) (_ d_ d2Eh (C9)
,_2di,leo(,le o + d i) - di kr _ + d,12/

where _ is given by equation (C7).
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Assuming that the heat transferred to the stream by an incremental

length d_ (fig. 6) goes into increasing the bulk temperature across

that length 3 the bulk temperature distribution is given by

L ,q)bo o+di)_l 

(ClO)

where the flow is in the direction of decreasing _ and AT is the

temperature rise over the heated length Z.
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Test-

section

numb er

3

I
Pressure-

drop_

length, i
L,

in.

TABLE III. - PRESSURE-DROP RESULTS

(a) No heat transfer

7.58

5 )o
3.38

5.38

Flow rate,

Dv,

Ib/(sq ft)(sec)

O. 93><104

Velocity,

V_n_

ft/sec

150

Inlet

temperature,

Tin,
OF

85

Pressure

drop,

ap,
Ib/sq in.

157
1.25

1.25

1.25

1.25

1.25

1.25

1.25

.63

.65

.63

1.25

• 95

.63

.93

.94

.93

.94

.93

1.25

1.25

1.25

1.25

1.25

.94

.95

.93

.94

202

201

201

201

201

2O2

201

102

102

i01

201

153

102

150

151

150

152

150

201

201

202

201

201

152

153

150

152

78

78

8O

82

85

84

87

8O

79

79

85

86

87

87

91

92

92

83

85

87

9O

74

69

71

73

8O

81

272

270

269

268

267

269

267

78

78

77

265

159

76

154

154

154

155

156

265

263

265

275

276

126

92

86

87

t_
!
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layer calculation
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From fig. 2
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Axial coordinatesj in.

Figure 3. - Nozzle-throat section and heat-flux distribution for a preliminary con-

figuration for Lewis Research Center Arc Tunnel.
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